Abstract
to particulate organic carbon. In a long-term project (2002 to 2014), stream DOC was monitored in 23 three neighboring subtropical small mountainous rivers of Taiwan. The objective was to relate DOC 24 concentrations to water discharge and to quantify DOC flux during typhoon and non-typhoon periods. 25
Seasonal fluctuations of DOC concentrations were closely correlated with air temperature at all 26 sampling stations. During non-typhoon periods, increasing water discharge led to decreasing DOC 27 concentrations due to a dilution effect. However, during typhoon periods, DOC concentrations 28 increased with some lead time along the hydrograph and reached the annual maximum which likely 29 sources from a significant input of litter and upper soil layers. The mean DOC concentration of the 30 studied systems (<1.0 mg L -1 ), is ranked in the lowest 1% among the world rivers. However, mean 31 DOC yield (~30 kg ha -1 y -1 ), is ranked in the top 30%, which is attributed to high rainfall and 32 substantial organic carbon stocks in the watersheds. Up to 25±5.6% of the annual DOC flux was 33 contributed by typhoon events, which occupied ~3% of the monitoring period. We conclude that 34 typhoon events are important drivers for the land-to-ocean export of dissolved organic matter. 35 of temperature on DOC concentration is also indicated by statistically-significant positive 159 correlations between monthly mean DOC concentrations and monthly mean air temperature (Fig. 4a) , 160 while statistically-significant negative correlations were found between monthly mean DOC 161 concentrations and monthly mean discharge (Fig. 4b) . And there is no linear relation between 162 monthly mean air temperature and monthly mean discharge (data not shown). Table 2 shows characteristics of water discharge and DOC concentration during the 166 typhoons. For typhoon Saola, two peaks were observed in the hydrograph at PL, DYK and GGL 167 station ( Fig. 5a-1 , 5b-1, 5c-1). This event also produced the highest peak discharge among the 4 168 sampled typhoons, reaching 641, 592 and 135 m 3 s -1 , respectively, at PL, DYK and GGL station. 169
Although the DOC concentrations along the hydrograph showed some variability, two descending 170 trends could be observed, which start before each discharge peak. The DOC concentration responded 171 rapidly to variations in water discharge with pronounced rises at the beginning of the typhoon 172 (compared to the last pre-typhoon sample) and rose again before the 2 nd peak of the hydrograph (Fig.  173 5a-1, 5b-1, 5c-1). 174
For typhoon Soulik ( Fig. 5a-2 , 5b-2, 5c-2), the hydrograph showed the highest fluctuations among 175 the four sampled typhoons, spanning three orders of magnitude. The peak DOC concentration during 176 this typhoon was also the highest concentration among all the samples, reaching 2.79, 4.11, and 2.89 177 mg L -1 at PL, DYK, and GGL station, respectively. The DOC concentration again peaked 3 -9 hours 178 before the peak discharge. Additionally, at a given water discharge, higher DOC concentrations were 179 observed for the rising limb of the hydrograph than for the recessing limb, resulting in a clockwise 180 hysteresis loop (not shown). 181
For typhoon Trami (Fig. 5a-3 , 5b-3, 5c-3), the hydrograph and DOC concentrations showed similar 182 Biogeosciences Discuss., doi:10.5194/bg-2017-105, 2017 Manuscript under review for journal Biogeosciences Discussion started: 5 April 2017 c Author(s) 2017. CC-BY 3.0 License. patterns as for typhoon Saola, i.e. two peaks for water discharge and DOC concentration (and two 183 hysteresis loops for the C-Q relationship). Moreover, the first peak discharge of both typhoons 184 triggered the highest DOC concentration in the respective typhoon event (except for Saola at PL, Fig.  185 5a-1). However, unlike typhoon Trami, the first peak discharge in typhoon Saola was smaller than 186 the second one, which, however, did not trigger higher DOC concentrations. For typhoon Matmo 187 ( Fig. 5a-4 , 5b-4, 5c-4), the narrow double peak of discharge was not reflected by variations in DOC 188 concentration, resulting in similar patterns as found for typhoon Soulik. 189 190
DOC fluxes during typhoon and non-typhoon periods 191
Although a hysteresis loop existed in the C-Q relation of typhoon samples, the relation of DOC flux 192 to water discharge generally followed a power function with R 2 ≥0.92 for typhoon samples and R 2 193 ≥0.83 for non-typhoon samples ( Fig. 6 and Table 3 ). At each sampling station, all the typhoon and 194 non-typhoon samples, respectively, were pooled to derive two rating curves that allow predicting 195 DOC flux from water discharge. We presumed that the two rating curves for each station remained 196 unchanged during the observation period. Larger a and b in the power function was found for the 197 typhoon period than for the non-typhoon period, indicating disproportionately higher DOC fluxes 198 during typhoon events. 199 
Effects of temperature on streamwater DOC 211
Soil water is an important source of DOC in streams (Clark et al., 2010) , and it has been observed 212 that DOC concentration in soil water increases with increasing temperature around the world 213 regardless of soil type, geological region and land use (Worrall and Burt, 2007; Zaman and Chang, 214 2004) . Increase in temperature enhances soil microbial and enzymatic activity and hence breakdown 215 of litter and soil organic carbon (SOC), accelerating carbon turnover in soil (Subke et al., 2003) . 216 Schimel and Weintraub (2003) suggested that microbial activity and SOC be included in models that 217 describe the dynamics of DOC in soil. In Taiwan's forest soils, SOC is >100 t ha -1 within 1 m depth 218 (Chen and Hseu, 1997) . Given the abundant SOC stocks, temperature fluctuations may trigger strong 219 responses of DOC release in these soils. Our results show that at each of the three stations, DOC 220 concentration was more than 30% higher in the warmer wet season than in the cooler dry season (>6 221 ℃difference in mean temperature; Table 1) despite the dilution effect of increasing discharge (Fig.  222   4b) . 223
Given the prediction of increasing air temperature by global climate models (IPCC, 2014) , rates of 224 heterotrophic microbial activity will be accelerated, increasing the efflux of CO 2 to the atmosphere 225 and the export of DOC to streams by hydrologic leaching (Bardgett et al., 2008) . We speculate that 226 the watershed carbon cycle might speed up even more in forested catchments because the amount of 227 litterfall is also positively correlated to air temperature (Lu and Liu, 2012) In our study, DOC concentrations responded rapidly to variations in water discharge and increased 262 before every peak in the hydrograph (Fig. 5a-1 , 5b-1, 5c-1, 5a-3, 5b-3, 5c-3). Such rapid response 263 may reflect a fast increase in contribution from near-surface components with DOC-enriched water. 264
Interestingly, the second peak of the hydrograph induced lower DOC concentrations even if the 265 second peak discharge was higher ( Fig. 5b-1, 5c-1 ). Perhaps most of the DOC in the soil had been 266 flushed off during the rising limb of the 1st peak discharge, as explained by Buffam et al. (2001) 267 addressing that soil water DOC concentration would be depleted over time, while the soil was 268 saturated. 269
In the studied watersheds, DOC peaked prior to the peak discharge, resulting in a clockwise C-Q 270 hysteresis loop. The loop is typical for rivers (Meybeck, 1993) , which can be explained by a simple 271 mixing model consisting of three constant concentration reservoirs (Evans and Davies, 1998) . During non-typhoon periods, increasing discharge did not enhance but rather diluted the DOC 279 concentration in streams (Fig. 2 and 3) , opposite to the findings during typhoon events. As mentioned 280 above, soil water should contribute to increasing discharge not only during typhoon events but also 281 during non-typhoon periods (Lee et al., 2013; 2015a) . Higher DOC concentration in the soil water, 282 compared to the groundwater, should elevate the streamwater DOC. In our study, however, 283 streamwater DOC concentration seemed to approach the groundwater DOC concentration, i.e. <0.7 284 mg L -1 , with increasing discharge during non-typhoon periods, implying that groundwater influence 285 gradually increases. On the other hand, in the low-end flow regime, i.e. <1 m 3 s -1 at our study sites, 286 where discharge should be only originating from groundwater, streamwater DOC concentration was 287 much higher than groundwater DOC concentration (Fig. 3) . A previous study has suggested that 288 in-stream production of DOC can be an important source of streamwater DOC concentration, 289 particularly at low discharge (Mulholland and Hill, 1997) . At high discharge, in-stream processes 290 would tend to be less important regulators of streamwater DOC concentration because shorter water 291 residence time and more water from the watershed should reduce the effect of in-stream biological 292 processing. However, currently we do not have evidence to prove that in-stream processes did indeed 293 cause the high stream DOC concentrations during low flow periods. Nevertheless, our results do 294 suggest that soil water input does not play a significant role during rising discharge in non-typhoon 295 periods as it does during typhoon periods (Fig. 3) . We speculate that the high infiltration capacity of 296 the soils, mainly Entisols (~50 mm h -1 of infiltration rate), Inceptisols (~40 mm h -1 ), and Ultisosls 297 (~30 mm h -1 ), promote rapid infiltration to the subsoil or groundwater recharge before the water 298 begins to accumulate in the soil. However, this is not the case during typhoon periods when rainfall 299 intensity and amount are much higher. 300
DOC export in small mountainous rivers 301
Despite the relatively scattered C-Q relation (Fig. 3) , the tightly positive correlations between DOC 302 flux and water discharge illustrate that hydrology exerts a strong control on DOC export during both 303 Biogeosciences Discuss., doi:10.5194/bg-2017-105, 2017 Manuscript under review for journal Biogeosciences Discussion started: 5 April 2017 c Author(s) 2017. CC-BY 3.0 License. typhoon and non-typhoon periods in the studied SMR watersheds (Fig. 6) . Although the DOC 304 concentration is diluted by increasing discharge during non-typhoon periods, the 3-order magnitude 305 increase in discharge compensates the dilution effect (less than 1-order magnitude decrease in 306 concentration) and leads to higher DOC export. A continuous supply of DOC is likely in the forest 307 ecosystems of Taiwan because of abundant SOC stocks (>100 t ha -1 ; Chen and Hseu, 1997). The 308 DOC yield ranged from 9 to 80 kg ha -1 yr -1 (Table 4) but DOC yield, ~30 kg ha -1 y -1 , is ranked in the top 30%. Such high DOC yield can be attributed to 317 the abundant rainfall in combination with substantial carbon stocks in the watershed, and 318 demonstrates the significance of SMRs in delivering terrestrial organic carbon to the ocean involving 319 not only the particulate phase but also the dissolved phase. 320
A recent study has analyzed the trends of water and sediment discharge off of Taiwan island over the 321 past four decades (Lee et al., 2015) and revealed magnified responses to increased rainfall intensity. 322
On average for the 16 major rivers in Taiwan, the extremes of water discharge rose by 6.5 -37% in 323 the recent two decades compared to the previous two decades, and the extremes of sediment 324 discharge rose by 62 -94%. As water and sediment are carriers of DOC and POC, respectively, 325
Taiwan rivers might have delivered much more DOC (and POC) from the terrestrial to the ocean. 326
Moreover, a recent study has demonstrated that typhoons striking Taiwan will intensify further in the 327 future (Mei and Xie, 2016) , which suggests that DOC (and POC) export will further increase in the 328 
Conclusions

331
Oceania is a global hotspot of land-to-ocean export of both POC and DOC (Schlünz and Schneider, 332 2000; Seitzinger et al., 2005) , and Taiwan, having relatively abundant observations, is often taken as 333 a role model (Milliman and Syvitski, 1992; Dadson et al., 2003; Hilton et al., 2012; Bao et al., 2016) . 334
However, much less attention has been paid to DOC, which is masked by the overwhelming POC 335 yield along with the highest sediment yield in the world (Milliman and Farnsworth, 2013) . We found 336 that the DOC concentrations in the studied subtropical SMRs indeed lie on the lower end, i.e. <1.0 337 mg L -1 , of the spectrum of global stream DOC concentrations; however, the DOC yields, ~30 kg ha -1 338 y -1 , are ranked in the top 30% among 118 world rivers, which is due to high rainfall and high SOC 339 stocks. Taking into account both the POC yield (~210 kg ha -1 y -1 ; Hilton et al., 2012) and the DOC 340 yield calculated in our study, we estimate the residence time of SOC at approx. 400 year (100 t ha -1 341 SOC stocks divided by 0.24 t ha -1 y -1 POC+DOC yield), which is the shortest among the world large 342 river basins (Lloret et al., 2013) . We think that due to their rapid responses subtropical SMRs might 343 be the best experimental sites for studying the impacts of environmental changes on watershed 344 carbon cycles in the future. Our study demonstrates that the DOC yield needs to be considered in 345 overall budgets of carbon transport. Also, DOC might be more biodegradable than POC, likely 346 causing more direct impacts on aquatic ecosystems (Raymond and Bauer, 2001) . 347
We also found that DOC concentrations increase with rising temperatures and are elevated during 348 typhoon events. Extreme climatic conditions, like heat waves and severe typhoon events, are very 349 likely to be more frequent in the future as a result of global warming (Mei and Xie, 2016) . We 350 therefore infer that more DOC will be exported by subtropical SMRs, although the in-stream 351 production/consumption could not be accounted for in our study. Our observational data supplement 352 346(3-4), 81-92, 2007. 533 Ziegler, S.E., and Lyon, D.R.: Factors regulating epilithic biofilm carbon cycling and release with 544 nutrient enrichment in headwater streams, Hydrobiologia, 657, 71-88, 2010 . 545 Biogeosciences Discuss., doi:10.5194/bg-2017 -105, 2017 Manuscript under review for journal Biogeosciences Discussion started: 5 April 2017 c Author(s) 2017. CC-BY 3.0 License. ] and air temperature [℃] at PL, DYK and GGL stations in dry (NovApr) and wet (MayOct) seasons and for whole calendar years during the observation period. The number in parentheses stands for sample size. 
